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Introduction
Acute myeloid leukemia (AML) is a blood cancer characterized by the expansion of transformed myeloid progenitors which exhibit a severe block in their ability to differentiate into mature granulocytes or macrophages; as a result, these cells accumulate inside the bone marrow interfering with normal hematopoiesis. 1 The growth advantage and the differentiation arrest of AML cells are thought to be caused by aberrant regulation of distinct genes such as those encoding for a constitutively active tyrosine kinase and a transcription factor. 2, 3 In particular, lineage-specific transcription factors are mutated or functionally inactivated in AML, suggesting a pathogenic link with the aberrant differentiation of AML cells. 4 One such gene, the transcription factor C/EBPa, is required for granulocytic differentiation of normal myeloid progenitors and is frequently inactivated in AML cells. 5 Structural and non-structural mechanisms are responsible for inactivation of C/EBPa in AML cells. Mutations of the C/EBPa gene are detected in approximately 10% of AML patients and fall into 2 major categories: i) those that abolish the expression of the p42 protein while retaining expression of p30 (an isoform lacking the N-terminal transactivation domain); and ii) insertions/deletions near the basic region (BR)-leucine zipper (LZ) domain that impair DNA binding activity. 6 The importance of the ratio between the p42 and the p30 isoforms is demonstrated by the observation that the selective knockout of p42 in mice retaining expression of the p30 isoform leads to AML formation with high penetrance, 7 while restoring p42 expression suppressed leukemogenesis. 8 Expression of C/EBPa can be negatively regulated at the transcriptional level by promoter hypermethylation or by direct transcriptional repression by the AML1-ETO oncoprotein in AML patients with the 8;21 translocation. 9 C/EBPa is also inactivated post-transcriptionally by the mRNA-binding protein calreticulin that inhibits C/EBPa mRNA translation in AML patients with the 3;21 translocation or inv (16) or post-translationally via serine 21 phosphorylation in AML patients with the FLT3-ITD mutation. 10 Restoring C/EBPa expression/activity could be an effective strategy to eradicate of AML cells by inhibition of proliferation and induction of differentiation. Different approaches such as gene-therapy based on lentiviral vectors, fusion proteins engineered to pass through cellular membranes, 11 nanoparticles that target a TAT-bound protein to specific cell subsets via antibody binding to surface markers 12 are currently under investigation, but the efficacy of these strategies is unclear. For AML treatment, recent studies have focused on the development of differentiation therapies using ATRA combined with epigenetic modifiers [13] [14] [15] [16] [17] ; this approach is based on findings indicating that epigenetic mechanisms, including DNA methylation, histone methylation and acetylation, are involved in the repression of RARa expression in non-APL AML cells. 18, 19 The Connectivity Map database (www.broadinstitute.org/ cmap/) was generated at the Broad Institute of MIT and Harvard and it was made available in 2006. 20 The first version (Build 01) was built by assessing the effects of 164 small-molecule perturbagenes (FDA-approved drugs and nondrug bioactive "tool" compounds) on the transcriptome of 5 cancer cell lines. Subsequently, this database was expanded to 1,309 FDAapproved small molecules generating 6,100 gene expression profiles from 7,056 microarray chips.
Given the large amount of collected data, the real challenge for an optimal use of the cMap is data analysis. In the last few years, uploaded data were re-elaborated by different groups in order to make such data more usable and different version of the cMap such as MANTRA, 21, 22 Several studies have demonstrated that interrogation of the Connectivity Map database could provide a powerful tool to elucidate the mechanism of action of small molecules 20, 25, 26 or to reveal new functional connections with known compounds. 27, 28 However, the most important potential application of cMap analysis is "drug repurposing," namely the discovery that known drugs may have entirely new therapeutic targets. Examples of "drug repurposing" were reported in acute lymphoid leukemia (ALL), 26 skeletal muscle atrophy (SMA), 29 inflammatory bowel disease (IBD), 30 breast cancer, 31 and hepatocellular carcinoma. 32 In the present study, we interrogated the cMap database to identify small molecules that may mimic the biological effects of the transcription factor C/EBPa in AML cells.
Results

Identification of candidate C/EBPa-mimetics by interrogation of the Connectivity Map database
To identify small molecules ("perturbagenes") that may mimic the biological effects induced by ectopic expression of C/ EBPa in myeloid leukemia cells, we queried the Connectivity Map database with a subset of C/EBPa-regulated genes ("C/ EBPa gene signature") identified through transcriptional profiling of K562 cells expressing a tamoxifen-regulated C/EBPa-ER chimeric protein. 33 In particular, the Connectivity Map database was queried with a subset of up-regulated and down-regulated genes representing those associated with myeloid differentiation ("up-tags") or inhibition of cell proliferation ("down-tags") ( Table 1) . Using this approach, we identified 8 compounds displaying positive connectivity with the "C/EBPa gene signature" ( Table 2) . Since little or no information is available on the effective dose of most compounds, different drug concentrations were tested in order to identify an appropriate dose (neither toxic nor ineffective) for each compound. Initially, cells were treated with the drug concentration utilized to generate the Connectivity Map's data ( Table 2) . Proliferation was assessed after treatment for 24, 48, 72 hours and 6 days; since most compounds had no appreciable effects on morphology, they were used at concentrations higher of those utilized to generate the cMap database (Fig. S1) . Based on the results of these assays, rolipram and pilocarpine were excluded from further studies because they had no effect even at a very high concentration; we excluded also kawain because morphological analysis (data not shown) showed that growth inhibition was due to cytotoxicity. Finally, griseofulvin was also excluded because at the concentration reported in the cMap database, it strongly inhibited proliferation. Morphological analysis (data not shown) revealed that the effect was due to a massive block of cytokinesis. However, at lower concentrations, there was neither inhibition of proliferation nor block of cytokinesis.
Moreover, ATRA and PCPA, 2 additional drugs identified by our screening, were not further analyzed because it is well established that they promote granulocytic differentiation in leukemic cells. [34] [35] [36] [37] In summary, after these analyses, diperodon, a local anesthetic, and amantadine, an anti-viral and anti-Parkinson drug, were selected for further studies. On the assumption that, like PCPA, 38 diperodon and amantadine may not be able to induce differentiation when used alone, experiments were also performed upon co-treatment with ATRA, used at a suboptimal concentration insufficient for granulocytic differentiation.
Diperodon treatment inhibits proliferation but has modest effects on differentiation of HL60 cells
After preliminary experiments, we selected 40mM as the optimal diperodon concentration for treatment of HL60 cells. Therefore, proliferation and differentiation of HL60 cells was assessed after treatment with ATRA alone (10nM), diperodon alone (40mM) or the ATRA-diperodon combination (10nM and 40mM, respectively). Treatment with ATRA alone slightly reduced proliferation of HL60 cells, whereas treatment with diperodon alone or with the ATRA-diperodon combination was much more effective; in particular, co-treated cells exhibited a 60% decrease of proliferation at day 6 (Fig. 1A) .
To assess if reduced proliferation was associated with induction of differentiation, the immunophenotype of ATRA and/or diperodon-treated cells was evaluated at 3 and 6 d post-treatment by staining with anti-CD11b, anti-CD14, anti-CD15 and anti-CD163 antibodies which detect common markers of granulocytic and monocytic differentiation. At day 3, we observed a statistically significant increase in CD11b levels in cells co-treated with ATRA C diperodon compared to untreated cells or to cells treated with ATRA or diperodon only. Percentage of CD11b positivity and differences between treatments were similar at day 6 ( Fig. 1B; Fig. S2A ).
Compared to untreated cells or cells treated with ATRA alone, treatment with diperodon, either alone or in combination with ATRA, led to higher CD15 expression both at day 3 and day 6; however, CD15C positivity was only approximately 20% and most changes are not statistically significant (Fig. 1C, Fig. S2B ). CD14 positivity was very similar to that of CD15, exhibiting a slight increase in diperodon-treated cells, at both time points. However, CD14 levels were very low and the differences were not significant except for the ATRA C diperodon versus the diperodon treatment at day 3 ( Fig. 1D; Fig. S2C ).
Finally, we also assessed the expression of the monocytic differentiation antigen CD163 ( Fig. 1E; Fig. S2D ). At day 3, CD163 levels were slightly up regulated by treatment with diperodon only, or upon co-treatment with ATRA; however, the levels of expression were quite low. At day 6, the various treatments did not induce significant changes in CD163 levels.
To further characterize the differentiation of diperodontreated HL60 cells, we assessed the expression of CD11b, CD14 and CD163 by real-time Q-PCR. In the case of CD11b, mRNA levels do not correlate with cytofluorimetric values because the highest expression of CD11b mRNA was detected in cells treated for 72 h with ATRA only ( Fig. 2A) , while levels of the surface protein were higher in cells co-treated with ATRA C diperodon. Conversely, CD14 mRNA levels were higher in diperodontreated cells, in good agreement with flow cytometry data (Fig. 2B) . Likewise, expression of CD163 was also induced by treatment with diperodon only (Fig. 2C) .
The differentiation-inducing effect of a compound is best evaluated by morphological analysis; thus, we assessed the morphology of May-Gr€ unwald-Giemsa-stained cytospins of treated HL60 cells. At day 6, ATRA-treated cells maintained a blast-like morphology with some metamyelocytes and rare band cells; this result was expected because cells were treated with a concentration of ATRA 100-fold lower than the standard concentration used to induce granulocytic differentiation. Cells grown in presence of diperodon only showed an increased cytoplasm but did not display hallmarks of differentiation. In contrast, cells treated with ATRA C diperodon exhibited a heterogeneous morphology characterized by increased cytoplasm and bean-shaped nuclei; however, the morphology did not allow a clear distinction between monocyte-macrophage-or metamyelocyte-like cells and a large number of undifferentiated blasts were still present (Fig. 3A) . In summary, diperodon is unable induce terminal differentiation as indicated by morphological analyses; however, it appears to have a partial effect based on changes in the expression of some monocyte/macrophage differentiation markers.
Treatment with amantadine promotes the monocytemacrophage-like differentiation of HL60 cells
Preliminary results indicated that amantadine used at a concentration of 200mM had cytostatic but not cytotoxic effects. Thus, HL60 cells were cultured for 6 d in presence of amantadine (200mM), ATRA (10nM), or the combination ATRAamantadine (10nM and 200mM, respectively). Compared to untreated cells, all 3 treatments caused a marked growth inhibition. At day 3 post-treatment, there was no difference in the number of cells cultured in the presence of ATRA C amantadine or amantadine alone. By contrast, at day 6, the ATRAamantadine co-treatment had a clear cytotoxic effect with cell counts lower of those at day 0 (Fig. 4A) .
To assess if these effects on cell proliferation correlated with induction of terminal differentiation, we evaluated the immunophenotype of drug-treated cells. Thus, 3 and 6 d after treatment, cells were tested for expression of the surface markers CD11b, CD15, CD14 and CD163. As expected, treatment with ATRA alone induced a marked increase in CD11b positivity, at day 3 and 6, but the co-treatment further increased the number of cells expressing this marker (approximately 20% at both time-points) ( Fig. 4B; Fig. S3A ). Expression of CD15 was upregulated only in cells treated with amantadine, alone or with ATRA; in particular, co-treated cells exhibited a marked increase in CD15 levels at day 6 ( Fig. 4C; Fig. S3B ). The trend of CD14 positivity was similar to that of CD15: CD14 levels were barely detectable in untreated and ATRAtreated cells, while treatment with amantadine, alone or with ATRA, induced an increase in positivity at 3 and 6 d However, the co-treatment induced a marked increase in CD14 surface levels only at day 6 ( Fig. 4D; Fig. S3C ). Expression of the CD163 antigen was barely detectable in untreated and ATRA-treated cells while treatment with amantadine, with or without ATRA, caused a slight increase at day 3. By contrast, expression of CD163 was strongly induced at day 6 by the ATRA C amantadine co-treatment ( Fig. 4E; Fig. S3D ).
The effects of amantadine were further investigated by assessing CD11b, CD14 and CD163 mRNA levels 3 d posttreatment. Consistent with flow cytometry data, CD11b mRNA levels were up-regulated in cells co-treated with ATRA and amantadine and, to a lesser extent, in cells treated with ATRA only. Compared to untreated cells, even cells treated with amantadine only displayed enhanced expression of CD11b, but the relative increase is considerably lower than that induced by the other treatments (Fig. 5A) . Expression of CD14 mRNA was also consistent with cytofluorimetric data: treatment with amantadine only induced an increase in CD14 mRNA levels but the increase was higher in the co-treated samples (Fig. 5B) . Expression of CD163 mRNA was low in untreated and ATRA-treated cells; by contrast, such levels were markedly upregulated in cells treated with amantadine (alone or with ATRA) (Fig. 5C ). Once again, the co-treatment with ATRA was more effective than amantadine only in inducing the increase in CD163 expression. Figure 1 . Effect of diperodon, ATRA, or the diperodon-ATRA combination on the proliferation and differentiation of HL60 cells. Proliferation (A) and differentiation marker expression (CD11b,CD15, CD14, and CD163) by flow cytometry analysis (B-E), of HL60 cells treated with diperodon, ATRA or the diperodon-ATRA combination. Data are reported as mean § SD of three independent experiments. Statistical significance was calculated using unpaired, 2-tailed Student's t test and considered significant with p < 0 ,05. "NS" indicates not statistically significant differences.
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To confirm that treatment with amantadine induced a monocyte-macrophage-like differentiation, cell morphology was evaluated by May-Gr€ unwald-Giemsa staining of cytospin preparations (Fig. 3B) . Cells grown in presence of amantadine only displayed a non-uniform morphology characterized by the presence of leukemic blasts and of monocyte-macrophage-shaped cells (approximately 20 and 25% in each field at day 3 and 6, respectively). In sharp contrast, cells co-treated with ATRA and amantadine exhibited a uniform morphology characterized by the presence of macrophage-shaped cells (approximately 50 and 95% in each field at day 3 and 6, respectively), single or in aggregates, with features of apoptosis such as pyknotic nuclei.
Effects of amantadine treatment on the cell cycle of HL60 cells
The effects of amantadine on the cell cycle of HL60 cells were also evaluated. DNA-content analysis ( Supplementary Fig. 4A ) revealed that, at 48 hours, co-treatment of ATRA and amantadine induced a 15% increase in G1 phase cells and a 18% decrease in S phase cells, compared to untreated cells. These differences were even more evident at 72 hours, and were confirmed by 5 0 -Bromodeoxyuridine (BrdU) labeling (Fig. S4C) . Of interest, amantadine alone induced a significant increase in the number of G1 phase cells and reduced the number of S phase cells during the first 3 d of treatment; at these time points treatment with ATRA alone was much less effective.
Finally, apoptotic, subG1 cells were also detected at day 6, but only in the co-treated samples; this finding was confirmed by Annexin V staining (Fig. S4B) .
Treatment with amantadine induces an increase in the expression of Vitamin D receptor (VDR), a master regulator of monocytic differentiation
To investigate mechanisms potentially responsible for the amantadine-dependent induction of monocytic differentiation, we analyzed the expression of PU.1 and VDR, 2 transcription factors with essential roles in monocytic differentiation.
First, we assessed levels of PU.1 mRNA at 24, 48 and 72 hours post-treatment (Fig. 6A) .The ATRA-amantadine cotreatment significantly enhanced PU.1 mRNA expression, both at 48 and 72h; however, the levels of the protein did not change at day 3 or even at day 6 post-treatment (Fig. 6C) . These findings were confirmed by densitometric analysis which shows no statistically significant differences between the various treatments, at any time point (Fig. 6E) .
By contrast, treatment with amantadine, alone or with ATRA, induced an increase in VDR levels. In particular, expression of VDR mRNA is significantly increased at 72 hours in cells cotreated with ATRA and amantadine (Fig. 6B) . Instead, increased expression of VDR protein is not only detected in cells treated with both compounds but also in cells treated with amantadine only for 3 or 6 d (Fig. 6D and F) .
To determine whether expression of a functional VDR is required for the monocyte-macrophage-like differentiation induced by amantadine, we generated 2 derivative HL60 cell lines: one expressing a truncated version of the VDR lacking the AF2 transactivation domain (dominant negative VDR) and one carrying only the empty vector (LXIDN) (Fig. 7A) . The truncated VDR acts as a dominant negative of the endogenous VDR blocking its activity, as previously shown in the U937 cell line by Gemelli and colleagues. (10nM), or the combination ATRAamantadine (10nM and 200mM, respectively). Upon treatment for 3 or 6 days, empty vector-transduced cells exhibited the expected decrease in cell number (Fig. 7B) . By contrast, cells over-expressing the dominant-negative VDR showed a slight, but not statistically significant, decrease in cell proliferation only at day 6 (Fig. 7C) .
Flow cytometry analysis of HL60 derivative cell lines revealed that levels of the monocyte/macrophage surface antigens CD14 and CD163 increased, especially at day 6, upon co-treatment with ATRA and amantadine or treatment with amantadine only of empty vectortransduced cells ( Fig. 7D and D; Fig.  S5A and C). Such an increase was blocked in HL60 cells expressing dominant-negative VDR ( Fig. 7F and G, Fig. S5B and D) .
These results demonstrate that blocking the activity of VDR strongly inhibits the differentiation-promoting effect of amantadine.
Treatment with amantadine enhances vitamin D3-dependent monocyte/macrophage differentiation of U937 and Kasumi-1 cells
The effect of amantadine as promoter of monocytic differentiation was not limited to the model of ATRAtreated HL60 cells; in the model of vitamin D3-induced monocytic differentiation of U937 cells, co-treatment with vitamin D3 and amantadine enhanced the expression of CD11b, CD14, and CD163, compared to by flow cytometry analysis (B-E), of HL60 cells treated with amantadine, ATRA or the amantadine-ATRA combination. Data are reported as mean § SD of three independent experiments. Statistical significance was calculated using unpaired, 2-tailed Student's t test and considered significant with P < 0 ,05. "NS" indicates not statistically significant differences.
www.tandfonline.com 2583 Cell Cycle treatment with vitamin D3 or amantadine only ( Fig. 8A-D ; Fig. 6A-C) . Such an effect correlated with an increase in VDR expression which was more evident in U937 cells cotreated with vitamin D3 and amantadine for 6 d (Fig. 8E) .
We also evaluated the effects of amantadine in the Kasumi-1 cell line which is another widely used model of acute myeloblastic leukemia. Although treatment with amantadine did not induce an increase in the expression of CD163 (Fig. S7D and H) , levels of CD11b and especially CD14 were strongly upregulated by the vitamin D3 and amantadine co-treatment (Fig. S7B, C, F, G) . Finally, the co-treatment also induced inhibition of proliferation and enhanced expression of VDR ( Fig. S7A and E) . Collectively, these data indicate that amantadine cooperates with vitamin D3 in promoting the monocytic differentiation of Kasumi-1 cells.
Discussion
In this study, we interrogated the Connectivity Map database with a gene signature of genes up-regulated and downregulated upon activation of C/EBPa in K562 cells to identify bioactive molecules potentially mimicking the biological effects of C/ EBPa. The rationale behind this approach rests on the assumption that compounds that mimic the effects of C/EBPa might have therapeutic effects in AML, since C/EBPa inhibits cell proliferation and is a potent inducer of differentiation upon ectopic expression in myeloid blast crisis CML cells. 39, 40 Moreover, C/EBPa is structurally inactivated or non-functional in most AML subtypes, 6,9-11 further reinforcing the notion that "C/EBPa mimetics" may have anti-leukemia effects.
Interrogation of the Connectivity Map database has been utilized to identify small molecules that modulate drug-induced apoptosis or enzyme inhibitors [26] [27] [28] as potential anti-cancer agents, but has not been used to identify compounds that mimic the activity of a transcription factor and, doing so, exert anti-leukemia effects.
In support of the validity of our approach, we identified ATRA and tranylcypromine (PCPA) as potential "C/EBPa mimetics;" ATRA is a well known inducer of promyelocytic leukemia differentiation 34 and PCPA is a histone H3K4 and K9 demethylase inhibitor that collaborates with ATRA in promoting differentiation of AML cells. 41 Thus, it is not surprising that these agents may activate a gene expression program similar to that induced by C/EBPa.
In addition to ATRA and PCPA, we identified other compounds which we did not expect that may function as "C/EBPa mimetics" based on their known mechanism(s) of action.
We selected for further studies diperodon, a local anesthetic, and amantadine, an antiviral and anti-Parkinson drug. Both drugs failed to induce C/EBPa expression (not shown), indicating that any "C/EBPa-mimetic" effect would not be due to increased C/EBPa levels.
However, set-wise comparisons and GSEA revealed statistically significant similarities in the genes regulated by C/EBPa and amantadine treatment. In particular, the similarity was more evident in the upregulated genes; in this geneset, approximately 10% (including established C/EBPa targets such as neutrophilic elastase and IL4-R) showed at least a 1.fold5-increase (Fig. S8) .
Treatment with diperodon inhibited HL60 cell proliferation but had only a modest and transient effect on the expression of the monocyte/macrophage differentiation markers CD14 and CD163 ( Figs. 1 and 2; Fig. S2) ; not surprisingly, these changes correlated only with subtle morphological alterations such as an enlarged cytoplasm and a segmented or peripheral nucleus in a minority of cells, especially after treatment with the diperodon/ ATRA combination (Fig. 3A) .
By contrast, the effects induced by treatment with amantadine were much more pronounced, especially upon co-treatment with ATRA. In particular, HL60 cells treated with the ATRA/amantadine combination proliferated less than untreated cells or those treated with amantadine or ATRA only (Fig. 4, Fig. S3 ). Moreover, expression of monocyte/macrophage differentiation antigens was markedly increased in amantadine/ATRA co-treated cells (Figs. 5 and 6 ) and such an increase correlated with the appearance of clear morphological features of monocyte/macrophage differentiation (Fig. 3B) .
Of greater interest, treatment with amantadine led to an increase in the expression of VDR and such an increase appears to be biologically relevant since monocyte/macrophage differentiation induced by co-treatment with ATRA and amantadine was completely blocked by expression of a dominant-negative VDR lacking the transactivation domain ( Fig. 7; Fig. S5) .
Amantadine is an FDA-approved anti-viral and anti-Parkinson drug; one of its mechanisms of activity is to function as weak inhibitor of the NMDA-type glutamate receptor. 42 However, this mechanism of action is unlikely to explain the differentiation-promoting effects described here.
A recent study has shown that treatment with amantadine enhanced the cytotoxic effects of the BCR-ABL tyrosine kinase inhibitor imatinib via increased release of calcium from the endoplasmic reticulum (ER) by inhibition of the influx transporter hOCT1. 43 However, ER stress appears more likely to impair than to promote macrophage differentiation. 44 Our findings suggest that the differentiation-promoting effects of amantandine may depend on its ability to induce an increase in the expression of VDR.
The existence of ligand independent activation has been clearly demonstrated for a number of nuclear receptors, including VDR, 45 suggesting that this type of regulation could probably play a role in the monocyte/macrophage differentiation induced by amantadine. In support to this hypothesis, vitamin D3-independent activation of VDR has been sometimes observed in association with an increase of its expression, 46 exactly as in our studies.
There is evidence that, as shown for other nuclear receptors, chemical compounds unrelated to vitamin D3 can also bind the VDR, although at considerably higher concentrations, mimicking its biological effect. 47 Therefore, a molecular docking analysis, carried out by a computational approach and validated through a competitive binding assay, could determine if there is a direct interaction between amantadine and VDR.
In summary, we have identified 2 compounds with known mechanisms of action unpredicted to affect myeloid differentiation that cooperate with ATRA and appear to re-direct its transcription-regulatory effect toward the induction of monocyte/ macrophage differentiation. Although we did not identify yet compounds that mimic exactly the biological effects of C/EBPa, further interrogation of the Connectivity Map database seems a promising approach to identify such agents.
Materials and Methods
Connectivity Map analysis
The Connectivity Map was queried with a "C/EBPa signature" obtained by transcription profiling of C/EBPa-ERexpressing K562 cells. 33 As described by Lamb and colleagues, 20 a nonparametric, rank-based pattern matching strategy, based on Kolmogorov-Smirnov statistics, was used in the calculation of the Connectivity Score for each drug/small-molecule in the database. Expression of Grb2 was detected as loading control. Statistical significance was calculated using unpaired, 2-tailed Student's t test and considered significant with p < 00.05. "NS" indicates not statistically significant differences.
www.tandfonline.com 2585 Cell Cycle Data were evaluated according to the following criteria: i) we considered only data generated by treatment of the HL60 cell line, which is a widely used model of all trans retinoic acid (ATRA)-induced differentiation of acute promyelocytic leukemia cells; ii) we selected only compounds with connectivity scores between C0,8 and C1; as, to date, there is no statistical method that can correlate the connectivity score with biological relevance, we arbitrarily set the threshold at C0,8 in order to investigate a reasonable number of compounds; iii) we focused on the upscore of the compounds selected so far. A high positive up-score (a component of the connectivity score) indicates that the genes up-regulated by the corresponding molecule strongly correlate with those upregulated in the query signature (uptag list). Then, we set an arbitrary threshold of C0.29 ad re-ordered the select compounds based on their up-score. Finally, we analyzed the list of up-regulated genes modulated by each compound that passed these selection criteria. For each gene, we considered the parameters "score" and "amplitude" which, approximately, indicate how much a gene is upregulated and excluded perturbagenes for which the up-regulated genes have low or negative values of "score" and "amplitude."
Set-wise and GSEA comparisons The HL60 amantadine and diperodon cMap microarray profiles were compared with C/EBPa-induced genes in 2 ways, first using a set wise comparison to test for similarity among the topmost upregulated genes, and second using gene set enrichment analysis (GSEA), which is sensitive to subtle but concerted changes in gene expression. For compatibility between the cmap profiles, generated using the Affymetrix GeneChip HG-U133A microarrays, and the C/EBPa data, generated on the Affymetrix GeneChip HG-U133plus2 platform, analysis was performed on the 22283 probesets common between the 2 platforms. C/EBPa-induced genes were defined with minimum 1.fold5-change and differential expression P-value cutoff of 0.05. While these limits define a set of 663 unique genes when limited to the 22283 HG-133A probesets, the cmap data is represented as ranked lists so equivalent fold changes and P-values cannot be applied. Instead, gene subsets of roughly equivalent size were defined for set-wise comparisons, using the top 500 ranked genes in both the amantadine and diperodon profiles. Overlap between C/ EBPa-induced genes and the 500 most upregulated genes in the amantadine and diperodon profiles was visualized using Venn diagrams and tested for significance using the hypergeometric P-value. GSEA was then used to evaluate the similarity between the C/EBPa-induced gene signature and the amantadine and diperodon profiles in a different manner, using the entire ranked list of HGU133A probesets from the cmap data to evaluate the positive enrichment of C/EBPa-induced genes along those ranked lists. GSEA was performed using the "classic" enrichment statistic, which is most suitable for the cmap ranked data, consisting of integers from 1 to 22283. Normalized enrichment scores and P-values were generated by GSEA as previously described. 48 Cell culture and drugs U93 and Kasumi-1 cell lines and parental and derivative HL60 cell lines were cultured in RPMI 1640 supplemented with 100 U/ml penicillin and 0,1 mg/ml streptomycin (Euroclone S. p.A, Milan, Italy), 10% FBS (Sigma-Aldrich, Oakville, ON, Canada). Derivative HL60 cell lines (carrying the VDR dominant-negative LVDRDAF2IDN plasmid and defined "dominant negative VDR;" or the empty vector plasmid LXIDN and defined as "empty vector") were established as described. 38 Diperodon, rolipram, griseofulvin, pilocarpine, amantadine, ATRA and 1,25(OH)2D3 (Vitamin D3) were purchased from Sigma-Aldrich (Saint Louis, MO, USA) and stored as indicated by the manufacturer. Kawain was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Due to lack of information regarding compound stability, freshly made stock solutions were prepared for each experiment, except for ATRA.
Cell proliferation and differentiation assays
For preliminary screening of the 6 compounds identified by cMap analysis, HL60 cells were seeded at 1.5£10 5 cells/ ml and treated with each compound, firstly, at the concentration reported in the cMap database. Subsequently, other concentrations were tested, based on the results obtained. To evaluate the effects of the small molecules on proliferation, cells were treated for 24, 48, 72 hours and 6 d and counted by trypan blue exclusion (Gibco, Life Technologies, Carlsbad, CA, USA).
For further analysis of selected compounds, parental and derivative HL60 cells were seeded at 1. 
Flow cytometry
For cell cycle analysis, the hypotonic propidium iodide method 49 was used. To determine the number of cells in S phase, a 5 0 -Bromodeoxyuridine (BrdU) incorporation assay was carried out, as preiously reported, 50 in cells treated for 48 hours. Differentiation of treated cells were assessed by evaluating the levels of surface markers specific for granulocytic and monocytic differentiation, by use of: anti-CD11b (PE rat anti-mouse CD11b, clone M1/70, cat: 557397, BD-PharMingen, San Diego, CA, USA), anti-CD15 (PE-Cy mouse anti-human CD15, clone Hl98, cat: 560827, BD Pharminogen), anti-CD14 (PE mouse anti-human CD14, cat:555398, BD Pharminogen) and anti-CD163 (PE mouse anti-human CD163, cat: 556018, BD Pharminogen) antibodies. Three£10 5 HL60, U937 and Kasumi-1 cells were harvested for each condition, washed in PBS C 2% FBS, resuspended in Figure 8 . Effect of amantadine, Vitamin D3, or the amantadine-Vitamin D3 combination on proliferation, differentiation, and VDR expression of U937 cells. Proliferation (A), flow cytometry analysis of differentiation marker expression (CD11b, CD14, and CD163) (B-D), and VDR levels (E) of U937 treated with amantadine, Vitamin D3 or the amantadine-Vitamin D3 combination. Data are reported as mean § SD of three experiments. Statistical significance was calculated using unpaired, 2-tailed Student's t test and considered significant with p < 0 ,05. "NS" indicates not statistically significant differences. In (E), expression of Grb2 was monitored as loading control.
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Data are reported as the mean of the value obtained subtracting the "blank" value (auto-fluorescence baseline) to the gate measurements § SD of two or 3 independent experiments.
Real-Time quantitative PCR Treated cells were collected at 24, 48 and 72h and total RNA was isolated using RNeasy Mini kit (Qiagen, Valencia, CA, USA) and reverse transcribed by the High Capacity cDNA Reverse Transcription kit (ABI, Life Technologies), both performed following manufacturer's instructions. The resulting cDNA was used as PCR template. All reactions were carried out in triplicate and total RNA was extracted from 2 or 3 independent experiments. RT-qPCR was performed using the Go Taq PCR Mater Mix (Promega, Madison, WI, USA) on a MyIQ5 thermocycler (BioRad, Hercules, CA, USA) and quantified using MyIQ5 software (Bio-Rad). Levels of HPRT were monitored as internal control to normalize input cDNA. Data were analyzed with DCt method.
Primers Western blot analysis For Western blotting, cells were lysed (2 £ 10 5 cells/20mL in Laemmli buffer) and proteins of interest were detected with anti-PU.1 rabbit polyclonal antibody (SC-352; Santa Cruz Biotechnology, Santa Cruz, CA), anti-Vitamin D receptor rabbit monoclonal antibody (EPR4552; AbCam, Cambridge, UK) or anti-GRB2 monoclonal antibody (610112; BD Transduction Laboratories, Lexington, KY). For densitometric analysis of expression levels, bands corresponding to PU.1, VDR and Grb2 as loading control, were scanned and analyzed with ImageJ Software (National Institutes of Health).
Statistical analyses
Data (presented as the mean § SD of two or 3 independent experiments) were analyzed for statistical significance by the unpaired, 2-tailed Student's t test. P values less than 0.05 were considered statistically significant.
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